INTRODUCTION
A key reaction in tetrapyrrole biosynthesis requires two enzymes, namely hydroxymethylbilane synthase (EC 4.3.1.8), which condenses four molecules of porphobilinogen to form the linear unrearranged tetrapyrrole hydroxymethylbilane, and uroporphyrinogen III synthase (EC 4.2.1.75), which can ring-close hydroxymethylbilane with concomitant intramolecular rearrangement of ring D to form uroporphyrinogen III [see references quoted in Battersby et al. (1982a,b) and Hart & Battersby (1985) ].
Many studies have been performed on hydroxymethylbilane synthase [see references cited in Hart & Battersby (1985) and Smythe & Williams (1988) ], but it is only recently that uroporphyrinogen III synthase has been purified, totally from Euglena gracilis (Hart & Battersby, 1985) and human erythrocytes (Tsai et al., 1987) and partially from rat liver (Kohashi et al., 1984) . Koshashi et al. (1984) suggested that a folate derivative was essential to the activity of rat liver uroporphyrinogen III synthase, whereas Hart & Battersby (1985) demonstrated conclusively that folate derivatives were absent from the pure active enzyme from Euglena gracilis and that no reversibly bound cofactors were necessary for enzyme activity.
It remained possible that mammalian uroporphyrinogen III synthase required a folate or other cofactor for activity. This present paper shows some of the properties of the enzyme and addresses the question of whether rat liver uroporphyrinogen III synthase requires a folate or other reversibly bound cofactor.
MATERIALS AND METHODS

Materials
Porphobilinogen was prepared according to the Rapoport-Wurziger method (Battersby et al., 1977) . Hexylglutathione-Sepharose was a gift from Dr. T. J. Mantle, Trinity College, Dublin. The Protein Pak 125 gelfiltration column was from Waters Associates, Hartford, Northwich, Cheshire, U.K.
All other reagents were obtained from Sigma Chemical Co., Poole, Dorset, U.K.
Partial purification of uroporphyrinogen Ill synthase from rat liver All procedures were carried out at 4 'C. Rat (Wistar strain) livers were perfused in situ with ice-cold 0.9 % NaCl. Homogenates (25 %, w/v) were prepared, by using a Dounce homogenizer (ten strokes), in 50 mmTris/HCl buffer, pH 7.8, containing 0.1 mM-dithiothreitol and 0.6 mM-EDTA. After centrifugation at 9000 g for 20 min, the resultant supernatant was centrifuged at 45 000 g for 2 h. The supernatant (hepatic cytosol fraction) was adjusted to 60 % (NH4)2SO4 saturation by the slow addition of (NH4)2SO4 (370 g/l) over 30 min. During the (NH4)2SO4 fractionation the pH was maintained at 7.8 by the prior addition to the supernatant of one-quarter its volume of 500 mM-Tris/ HCI buffer, pH 7.8. After 1 h stirring the suspension was centrifuged at 12000 g for 10 min. The pellet was discarded and the remaining supernatant was adjusted to 90 % (NH4)2SO4 saturation (further addition of 227 g/l) and centrifuged as described above. The pellet was suspended in 50 mM-Tris/HCl buffer, pH 7.8, containing 0.1 mM-dithiothreitol and 0.6 mM-EDTA. This preparation was dialysed extensively against the same buffer (3 x 10 litres). At this stage the preparation was routinely assayed for hydroxymethylbilane synthase and uroporphyrinogen III synthase activities, but in all cases only uroporphyrinogen III synthase activity was found in the 60-90 %-satn. (NH4)2SO4 fraction.
Dialysed (NH4)2SO4 fractions were applied to hexylglutathione-Sepharose columns (0.5 cm x 10 cm), prepared by the method of Mannervik & Guthenberg (1981) Samples of uroporphyrinogen III synthase after gel filtration were re-activated after denaturation on SDS/ polyacrylamide gels according to the method of Hager & Burgess (1980) . Samples in SDS sample buffer (Laemmli, 1970) Hart & Battersby (1985) . RESULTS AND DISCUSSION Table 1 shows the results of a typical purification of rat liver uroporphyrinogen III synthase. Enzyme activity was not assayed until after the (NH4)2SO4 fractionation stage, when the bulk (85-90 %) of the uroporphyrinogen III synthase activity was found in the 60-90 %-satn.
(NH4)2SO4 fraction free of hydroxymethylbilane synthase activity, which otherwise interfered with the uroporphyrinogen III synthase assay. As the major protein constituents of rat liver cytosol are the glutathione S-transferases (Jakoby, 1978) , a large degree of purification was achieved on their removal on hexylglutathione-Sepharose affinity resin. Perfusion of livers in situ with cold saline was found to be essential, as 3 times more uroporphyrinogen III (Fig. 1) & Williams, 1988) , that these forms when activating the ring-closure of hydroxymethylbilane caused the formation of uroporphyrinogen III. The enzyme form with lower apparent Mr may have interacted with the charged surface of the column packing material, leading to increased elution volume. Such interactions are not unknown in this type of column chromatography (Barth, 1980; Smythe & Williams, 1988) . This interpretation is supported by the evidence from re-activation experiments (see below) that both forms of the enzyme are identical in Mr on SDS/ polyacrylamide-gel electrophoresis.
Our preparation of enzyme after h.p.l.c. showed either a 49-fold or a 70-fold purification (peaks 1 and 2 respectively) over the (NH4)2SO4 fraction and appeared as many protein bands on SDS/polyacrylamide-gel electrophoresis with a major band at Mr 28 500. Kohashi et al. (1984) reported that a 73-fold purification of rat liver uroporphyrinogen III synthase over the (NH4)2SO4 fraction yielded enzyme that appeared as two bands (each with enzyme activity) at Mr approx. 42000 on non-denaturing gel electrophoresis and on Sephadex G-100 filtration. Elution of uroporphyrinogen III synthase from SDS/ polyacrylamide gels and renaturation of activity When samples (12 units) from each peak of uroporphyrinogen III synthase after gel filtration were subjected to SDS/polyacrylamide-gel electrophoresis the enzyme activity could be re-activated ( Fig. 3) and SDS/polyacrylamide-gel electrophoresis. Hart & Battersby (1985) reported Mr values of 39000 on gel filtration and 31 000 on SDS/polyacrylamide-gel electrophoresis and concluded that the monomeric enzyme is probably asymmetric. In the present work we find Mr 36000 (for one of the forms) on gel filtration and 28 500 for SDS/polyacrylamide-gel electrophoresis. Tsai et al. (1987) Effect of pyridoxal 5'-phosphate on uroporphyrinogen III synthase activity When uroporphyrinogen III synthase (20 units/ml) was incubated with pyridoxal 5'-phosphate (7.5 mM) at 25°C a time-dependent decrease in enzyme activity was observed (Fig. 4) . This effect was seen both with enzyme from the 60-90 00-satn. (NH4)2S04 fraction and with peaks I and 2 from gel filtration. When the partially inactivated enzyme and residual pyridoxal 5'-phosphate were dialysed extensively against 0.1 M-sodium phosphate buffer, pH 7.0, the inhibition of enzyme activity was reversed as compared with a control sample that was similarly treated (but without pyridoxal 5'-phosphate). When the solution was treated with 80 mM-NaBH4 and then dialysed, only 15 %/ of the initial enzyme activity was recovered. These results are similar to those found by Hart & Battersby (1985) for the Euglena enzyme. Thus it appears that the rat liver enzyme is similar to the Euglena enzyme in having one (or more) essential lysine residue(s).
Rat liver uroporphyrinogen III synthase is thus similar to the Eugkena enzyme in being monomeric, asymmetric, having essential lysine residue(s) and possessing no reversibly bound essential cofactor.
